The ability of kinetochores to recruit microtubules, generate force, and activate the mitotic spindle checkpoint may all depend on microtubule-and/or tension-dependent changes in kinetochore assembly. With the use of quantitative digital imaging and immunofluorescence microscopy of PtK1 tissue cells, we find that the outer domain of the kinetochore, but not the CREST-stained inner core, exhibits three microtubule-dependent assembly states, not directly dependent on tension. First, prometaphase kinetochores with few or no kinetochore microtubules have abundant punctate or oblate fluorescence morphology when stained for outer domain motor proteins CENP-E and cytoplasmic dynein and checkpoint proteins BubR1 and Mad2. Second, microtubule depolymerization induces expansion of the kinetochore outer domain into crescent and ring morphologies around the centromere. This expansion may enhance recruitment of kinetochore microtubules, and occurs with more than a 20-to 100-fold increase in dynein and relatively little change in CENP-E, BubR1, and Mad2 in comparison to prometaphase kinetochores. Crescents disappear and dynein decreases substantially upon microtubule reassembly. Third, when kinetochores acquire their full metaphase complement of kinetochore microtubules, levels of CENP-E, dynein, and BubR1 decrease by three-to sixfold in comparison to unattached prometaphase kinetochores, but remain detectable. In contrast, Mad2 decreases by 100-fold and becomes undetectable, consistent with Mad2 being a key factor for the "wait-anaphase" signal produced by unattached kinetochores. Like previously found for Mad2, the average amounts of CENP-E, dynein, or BubR1 at metaphase kinetochores did not change with the loss of tension induced by taxol stabilization of microtubules.
INTRODUCTION
Vertebrate kinetochores have three important functions in mitosis (reviewed in Rieder and Salmon, 1998; Skibbers and Hieter, 1998; Maney et al., 2000; Shah and Cleveland, 2000) . In prometaphase, they capture the growing plus ends of polar microtubules to form kinetochore microtubules that tether the kinetochore to the pole. This "search-and-capture" mechanism is facilitated by stochastic growth and shortening (dynamic instability) of polar spindle microtubules at their plus ends, multiple binding sites for plus ends at kinetochores, and microtubule motor proteins bound to kinetochores. These motors include cytoplasmic dynein and the kinesin-related protein CENP-E. A second function of kinetochores, and particularly their motor proteins, is to couple force production for chromosome movement at the kinetochore to assembly/disassembly of kinetochore microtubules at their plus end attachment sites. The third function of kinetochores is to prevent anaphase onset until all the chromosomes have become properly aligned on the spindle. Mitotic spindle checkpoint proteins at the kinetochore, Bub1, BubR1, Bub3, Mad1, and Mad2 sense the lack of tension and/or the lack of kinetochore microtubules at unattached kinetochores. This appears to block anaphase by promoting Mad2 binding and inhibition of Cdc20, the activator of the anaphase-promoting complex/cylosome. Important for kinetochore function is the modification of kinetochore assembly produced by kinetochore and nonkinetochore spindle microtubules. There is qualitative evidence that unattached prometaphase kinetochores are larger in width (Rieder, 1982; Salmon, 1989; Cassimeris et al., 1990) and have greater amounts of microtubule motor proteins and mitotic spindle checkpoint proteins (Gorbsky and Ricketts, 1993; Chen et al., 1996; Echeverri et al., 1996; Li and Benezra, 1996; Taylor and McKeon, 1997; Yao et al., 1997 Yao et al., , 2000 Chan et al., 1998; Chen et al., 1998; Dujardin et al., 1998; Jablonksi et al., 1998; Waters et al., 1998; Martinez-Exposito et al., 1999; than metaphase kinetochores with their full complement of kinetochore microtubules. The enhanced assembly may be important for the recruiting kinetochore microtubules, increasing force production, and generating a strong "wait-anaphase" signal (Rieder and Salmon, 1998; Howell et al., 2000) . There is also evidence that kinetochore assembly depends on interactions with nonkinetochore microtubules. When all spindle microtubules are completely depolymerized, kinetochores, immunofluorescently stained for CENP-E, cytoplasmic dynein, and Bub3, are reported to expand from the small punctate or oblate fluorescence morphology typical of early prometaphase or metaphase kinetochores, into a "crescent" morphology extending around the centromere (Echeverri et al., 1996; Thrower et al., 1996; Martinez-Exposito et al., 1999) . This expanded crescent morphology may be a microtubule-dependent response of kinetochore assembly designed to substantially increase the solid angle for recruiting kinetochore microtubules under conditions where the density of spindle microtubules is very low. Conversely, kinetochores need to lose their expanded morphology upon kinetochore microtubule formation to prevent errors in chromosome segregation induced by attachment of individual kinetochores to microtubules from opposite poles (merotelic attachment; Cimini et al. 2001 ) in addition to turning off the wait-anaphase signal of the mitotic spindle checkpoint (Rieder and Salmon, 1998; Howell et al., 2000) .
To measure microtubule-dependent changes in kinetochore assembly, we have used digital imaging microscopy and quantitative immunofluorescence measurements of kinetochores in PtK1 cells under three microtubule states: unattached kinetochores in the absence of microtubules in cells treated with the microtubule-depolymerizing drug nocodazole; unattached or newly attached kinetochores (no or few kinetochore microtubules) in prometaphase cells with normal spindle assembly; and attached kinetochores on metaphase chromosomes with their full complement of kinetochore microtubules (ϳ25 for PtK1 cells; McEwen et al., 1997) . We also tested whether loss of tension at metaphase kinetochores changes kinetochore assembly when kinetochore microtubules are preserved with the microtubule-stabilizing drug taxol (McEwen et al., 1997; Waters et al., 1998) . Kinetochore tension generated by kinetochore pulling forces along kinetochore microtubules, like kinetochore microtubule formation, has been proposed to be an important regulator of mitotic spindle checkpoint activity (Nicklas et al. 1995; Nicklas, 1997; Waters et al., 1999) .
The proteins we analyzed were selected because of their location within the kinetochore and/or their potential function in recruitment of kinetochore microtubules, force generation, or the mitotic spindle checkpoint. Conventional electron microscopy has shown for vertebrate kinetochores a trilaminar plate structure. There is an inner core, containing a centromere-bound inner plate, and an outer domain, extending from the inner plate through a low-density gap to an outer plate, which contains attachment sites for the ends of kinetochore microtubules and an exterior fibrous corona (Rieder, 1982; Cassimeris et al., 1990) . We labeled the inner core of PtK1 kinetochores with human autoimmune CREST antibodies, which are polyspecific and bind to proteins CENP-A, CENP-B, and CENP-C (Earnshaw and Rothfield, 1985; Earnshaw et al., 1989) . CENP-A and CENP-C localize to the inner plate, whereas CENP-B is bound to nearby centromeric chromatin (Maney et al., 2000) . For outer domain components, we used antibodies to the microtubule motor proteins CENP-E and cytoplasmic dynein that have been localized to the outer plate and fibrous corona, consistent with their role in recruiting kinetochore microtubules and in force generation (reviewed in Rieder and Salmon, 1998; Maney et al., 2000) . We also used antibodies to the mitotic spindle checkpoint proteins, BubR1 (a kinase, related to budding yeast Mad3; Chan et al. 1998 Chan et al. , 1999 Hardwick et al., 2000) and Mad2 (Chen et al., 1996; Li and Benezra, 1996) . The only known mitotic spindle checkpoint protein that has thus far been localized ultrastructurally within the kinetochore is BubR1. It is found in the outer kinetochore domain, mainly at the outer plate with some at the inner plate (Jablonski et al., 1998) . Another factor related to the spindle checkpoint is the 3F3/2 antigen that has been detected by electron microscopy in the interzone between inner and outer plates (Campbell and Gorbsky, 1995) . The 3F3/2 antibody recognizes a phosphorylated epitope at unattached kinetochores not under tension (Gorbsky and Ricketts, 1993; Campbell and Gorbsky, 1995; Nicklas et al., 1995) . By comparing the localization of Mad2 to BubR1, CENP-E, cytoplasmic dynein, 3F3/2 antigen, and CREST antigens at kinetochores in nocodazole-treated cells, we initially show that Mad2 is also localized to the outer kinetochore domain. We then examine the microtubuleor tension-dependent changes in assembly of CREST antigens, CENP-E, cytoplasmic dynein, BubR1, and Mad2 at kinetochores.
MATERIALS AND METHODS

Cell Culture and Drug Treatment
PtK1 cells (American Type Culture Collection, Rockville, MD) were maintained in Ham's F-12 (Sigma) containing 10% fetal bovine serum, penicillin, streptomycin, and amphotericin B (antimycotic) in a 37°C, 5% CO 2 incubator. For experiments in which cells were treated with nocodazole, a 10 mM stock in dimethyl sulfoxide (Sigma) was diluted into media for a final concentration of 20 M. Standard media were replaced with media containing the nocodazole, and cells were returned to the 37°C incubator for the prescribed period of time before being removed for immunofluoresence labeling or for drug washout. Cells that were washed after a nocodazole treatment were first placed within two successive Petri dishes containing 3 ml of standard media, for 30 s each. Cells were then dipped four times in standard media at 37°C and placed within a second dish of standard media for 30 min before the coverslips were processed for immunofluorescence. To inhibit proteasome activity, MG-132 (Calbiochem, San Diego, CA) was added at 10 M the culture media. For experiments in which cells were incubated with taxol (Sigma), a 10 mM stock in dimethyl sulfoxide was diluted into standard media for a final concentration of 10 M. Standard media were then replaced with media containing the taxol, and cells were returned to the 37°C incubator for 45 min before removal for immunofluorescence processing. In cases where it was desired to test for the possible steric hindrance effect of microtubules (i.e., blocking of antibody staining) at the kinetochore, cells were first lysed with 0.5% Triton X-100 in PHEM buffer [60 mM piperazine-N,NЈ-bis(2- 
Immunofluorescence
Immunofluorescence labeling procedures were conducted at room temperature. Cells were first lysed in freshly prepared 0.5% Triton X-100 in PHEM buffer for 5 min. When staining for the phosphoprotein recognized by the 3F3/2 antibody, 100 nM microcystin (Sigma) was included in the lysis buffer (Waters et al., 1998) . Cells were then fixed in 4% formaldehyde (prepared fresh daily from paraformaldehyde) for 20 min. Next, cells were rinsed in phosphatebuffered saline/Tween (PBST) (PBS: 140 mM NaCl, 2.5 mM KCl, 1.6 mM KH 2 PO 4 , 15 mM Na 2 HPO 4 , pH 7.2, with 0.05% Tween 20) and subsequently blocked in 5% boiled donkey serum in PHEM for at least 45 min. Incubation in primary antibodies (diluted into 5% donkey serum in PHEM) followed for 45 min, after which time cells were rinsed four times in PBST and then incubated for 45 min in secondary donkey anti-rabbit, anti-mouse, or anti-human antibodies (diluted 1:100 in 5% donkey serum in PHEM), conjugated to Rhodamine Red-X (Jackson ImmunoResearch; West Grove, PA). For costaining experiments with two kinetochore proteins, cells were incubated simultaneously with antibodies to both proteins as described above for single antibodies. After PBST rinses, cells were incubated with appropriate secondary antibodies. Fluorescein-conjugated donkey anti-mouse secondary antibodies specific to antidynein primaries were incubated concurrently with Rhodamine Red-X-conjugated donkey anti-rabbit antibodies when labeling for dynein together with BubR1, CENP-E, or Mad2 proteins. For simultaneous Mad2 and CREST labeling, Rhodamine Red-X donkey antirabbit (specific to anti-Mad2 primaries) and Alexa Fluor 488-conjugated goat anti-human secondary antibodies (Molecular Probes, Eugene, OR) were incubated together.
CREST serum was a gift from Dr. B.R. Brinkley (Baylor College of Medicine, Houston, TX) and used at 1:750 dilution. Affinity-purified CENP-E and BubR1 antibodies (Chan et al., , 1999 were used at 1:500 dilution. The monoclonal antibody to the 3F3/2 phosphoepitope (provided by Dr. Gary Gorbsky, University of Oklahoma Health Sciences Center, Oklahoma City, OK) was used at 1:1500 dilution. Antibodies to Mad2 were affinity-purified as described in Waters et al. (1998) and used at 1:100 dilution. The monoclonal antibody to the 70.1 IC of cytoplasmic dynein (Sigma D5167) was used at 1:2000 dilution. Immunostained cells were mounted onto precleaned microscopy slides in 90% glycerol, 10% Tris buffer with 0.5-1% n-propyl galate for subsequent viewing.
Microscopy and Image Acquisition
Immunofluorescently labeled cells were viewed with a multimode digital fluorescence microscope system . Images were obtained with a Hamamatsu C4880 cooled charge-coupled device digital camera (12-m square pixels), with the use of a Nikon Microphot FX-A microscope equipped with a 60X/1.4 NA objective lens and a 2.0x optivar projection lens. Both differential interference contrast (DIC) and fluorescence images were obtained for control metaphase cells and for experimental cells. To determine the progress of a control cell through the stages proceeding nuclear envelope breakdown, phase contrast microscopy was used to view the maturation stage of chromosomes within the nucleus with the use of a 60X/1.4 NA phase 3 objective lens. Digital images were acquired by MetaMorph image processing software (Universal Imaging, West Chester, PA). Z-series optical sections through each cell analyzed were obtained at 0.5-m steps, with the use of MetaMorph software and a Ludl (Hawthorne, NY) stepping motor.
Data Analysis and Presentation
We used a method described by for measuring kinetochore fluorescence with the use of MetaMorph imaging software and the primary 12-bit image stacks. Images were not deconvolved and the focal depth of the NA ϭ 1.4 objective was usually sufficient to include the great majority of the fluorescence from the full depth of a kinetochore . Typically, the central fluorescence of a kinetochore was dim 0.5 m from best focus and not apparent by 1 m. Adjacent kinetochores in the z-axis direction were rarely within 1 m of each other in PtK1 cells. For fluorescence measurements, the best in-focus image of a kinetochore was determined visually by stepping through the z-axis stacks of corresponding DIC and fluorescence images (see RESULTS). Computer-generated 9 ϫ 9 and 13 ϫ 13 pixel regions were centered over each kinetochore (Figure 3 ) and the total integrated fluorescence counts were obtained for each region. The 9 ϫ 9 pixel region corresponded to a 0.9 ϫ 0.9 m region that was typically large enough to contain 90% of kinetochore fluorescence, except for the highly expanded kinetochores in nocodazole-treated cells. The outer region, 1.3 ϫ 1.3 m, was chosen to be more than twice the area of the inner region, but not so large as to include significant fluorescence from a sister kinetochore; the center-to-center distance between sister kinetochores in nocodazole-treated cells or prophase cells, is only 0.9 -1.1 m. Inner and outer region data were transferred into Microsoft Excel (Microsoft, Richmond, WA) with the use of the MetaMorph Dynamic Data Exchange function. The measured value for the 9 ϫ 9 pixel region includes both kinetochore fluorescence and local background fluorescence. The background component was obtained by subtracting the integrated value of the 9 ϫ 9 pixel region from the larger 13 ϫ 13 pixel region. This result was scaled in proportion to the smaller area of the 9 ϫ 9 pixel region and then subtracted from the integrated value of the 9 ϫ 9 pixel region to yield a value for kinetochore fluorescence (minus background, see equation in Figure 3 ). As pointed out by , this method has major advantages over the use of an arbitrary spindle region for measuring background fluorescence because it controls for inhomogeneity in background fluorescence. Increasing the inner and outer measurement regions to 10 ϫ 10 and 14 ϫ 14 pixels, respectively, increased measured values of kinetochore fluorescence by ϳ10% when sister kinetochores were well separated, but caused problems when they were close together. Average values of kinetochore fluorescence were calculated from no fewer than 50 kinetochores for each experimental condition. Two-tailed t statistical tests were performed among treatment types for each kinetochore protein.
The center-to-center distances between sister kinetochores were measured in prophase cells, in control metaphase cells and in cells that were treated with taxol or nocodazole, as described above. Primary 12-bit image stacks were calibrated at the appropriate pixel-to-micrometer ratio with the use of the MetaMorph imaging software, and interkinetochore distances were measured with the use of linear pixel regions. To measure the distances between sister kinetochores, which appeared at their brightest on different image planes (indicating a positional separation along the z-axis), measured x-and y-axis distances were triangulated and solved for the resulting distance vector. Data were recorded onto Microsoft Excel spreadsheets.
Presentation images were created by first converting the 12-bit digital images to 8-bit with the use of MetaMorph software and importing the images into Adobe Photoshop 5.0 (Adobe, Mountain View, CA), where they were sized, contrast-enhanced, pseudocolored, and/or overlaid. Final images were montaged and labeled with the use of CorelDRAW 7 (Corel, Ottawa, Canada).
RESULTS
Mad2, Like CENP-E, Cytoplasmic Dynein, BubR1, Bub3, and 3F3/2, Localizes to Kinetochore Outer Domain Crescents in the Absence of Spindle Microtubules
To determine whether Mad2 binds to the kinetochore outer domain, we took advantage of the morphological changes that occur for unattached kinetochores when depleted of spindle microtubules for several hours by inhibition of microtubule assembly with nocodazole (DeBrabender et al., 1981; Thrower et al., 1996) . We found that a 4-h treatment of PtK1 cells in 20 M nocodazole caused Mad2 along with CENP-E, cytoplasmic dynein, and Bub1R, but not the inner core CREST antigens, to assemble into an expanded crescent, or C-shape ( Figure 1 ). These crescents were often observed to form a ring around the centromere region ( Figure 1 ). Figure 1D shows an example of the outer domain labeled with Mad2 antibody extending beyond the punctate inner core labeled with CREST antibody. The crescent reconfiguration of kinetochore outer domain morphology indicates that Mad2, like cytoplasmic dynein, CENP-E, BubR1, Bub3 (Martinez-Exposito et al., 1999) , and 3F3/2 antigen (Cimini et al., 2000) assembles onto sites within the outer domain.
The formation of outer domain crescents and rings was only observed in cells that had undergone complete microtubule disassembly by prolonged incubations (30 min to 4 h) in 20 M nocodazole. None of the 50 or more unattached or newly attached kinetochores measured in control prometaphase cells showed crescent or ring morphologies.
Incubation of cells in nocodazole prolongs the duration of mitosis by spindle checkpoint activation. This raises the possibility that the expanded crescent morphologies of kinetochores seen after 4 h in nocodazole are a product of the duration of mitosis independent of microtubule disassembly. To test this possibility, we arrested cells in metaphase with the use of 10 M MG-132 to block the proteasome activity needed for anaphase onset (Clute and Pines, 1999; Josefseberg et al., 2000) . After 4 h in the inhibitor, chromosomes exhibited normal metaphase behaviors, oscillating back and forth along the spindle axis near the spindle equator (Khodjakov and Rieder, 1996) . Kinetochores in cells fixed and stained with CENP-E antibodies did not show the expanded crescent morphology typical of kinetochores in cells depleted of microtubules for 4 h by nocodazole ( Figure 1B ), but the more punctuate staining typical of normal metaphase kinetochores (see Figure 6 for typical metaphase staining). The distance between sister kinetochores was 2.6 Ϯ 0.4 m (n ϭ 46), very similar to the 2.5 Ϯ 0.4 m (n ϭ 47) measured for stretched centromeres in control cells. These results indicate that the remodeling of the kinetochore that occurs with nocodazole treatment is not simply a consequence of the duration of mitosis.
Kinetochores in Prophase Nuclei Lack Cytoplasmic Dynein, BubR1, and Crescent Morphology
We found that kinetochores at late prophase in PtK1 cells stained brightly for CENP-E, Mad2, and the 3F3/2 antigen, but not for cytoplasmic dynein or BubR1 (Figure 2 ). Cytoplasmic dynein and Bub1R bind kinetochores after nuclear envelope breakdown and entry into prometaphase ( Figure   Figure 1 . Immunofluorescence colocalization of BubR1, CENP-E, and Mad2 with cytoplasmic dynein to the kinetochore outer domain. Kinetochore outer domain crescents were induced by incubation of mitotic cells for 4 h in 20 M nocodazole to completely depolymerize spindle and kinetochore microtubules. Rows contain images of the same cell. (A-C) Left column shows DIC images of the cells, the center column shows fluorescein isothiocyanate fluorescence of cytoplasmic dynein, and the right column shows rhodamine fluorescence staining of BubR1, CENP-E, or Mad2. (D) Left frame is CREST staining, the right is Mad2 staining, and the lower is a color overlay for the same cell, with 4,6-diaminidino-2-phenylindole (DAPI) staining for DNA. Note again that Mad2, like BubR1, CENP-E, and cytoplasmic dynein, localizes to the outer domain crescents. CREST staining is restricted to the kinetochore inner core. Scale, 10 m.
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2). Because prophase nuclei are devoid of microtubules like mitotic cells treated with nocodazole, we asked whether kinetochores in prophase nuclei also exhibit crescent or ring morphologies. However, no kinetochore crescent or ring morphologies were seen for the proteins examined ( Figure  2 ) in control or cells treated for 4 h in nocodazole, indicating that crescent formation is a property of prometaphase kinetochores.
Changes in Kinetochore Assembly Between Unattached Prometaphase Kinetochores and Metaphase Kinetochores
We used quantitative immunofluorescence microscopy to compare changes in different proteins at kinetochores relative to their values at fully attached and tense kinetochores on chromosomes aligned at the metaphase plate. For each cell analyzed, optical z-series of DIC and corresponding fluorescence images were obtained at 0.5-m steps through the cell so that all sister kinetochore pairs in each PtK1 cell were available for quantitative fluorescence analysis. When the fluorescence of immunolabeled kinetochores was dim and therefore difficult to detect, the location of kinetochores was identified as increased "bumps" in the corresponding DIC images at the periphery of the centromeric constriction of the chromosome arms. Seven to 10 cells were analyzed for each protein and treatment. The integrated fluorescence of each immunostained antigen at a kinetochore was determined by quantitative image analysis as initially developed by and described in MATERIALS AND METHODS and Figure 3 .
We first examined unattached kinetochores on mono-oriented chromosomes or leading kinetochores on congressing chromosomes (see diagram in Figure 4A ) because these kinetochores have zero or one to three kinetochore microtubules, respectively, and can be considered together as unattached kinetochores (McEwen et al., 1997) . Figure 4B shows the differences in kinetochore fluorescence intensity between unattached kinetochores and kinetochores on metaphasealigned chromosomes, which have a full complement of kinetochore microtubules. There are several important results. We saw no change in the inner core CREST fluorescence between unattached, leading, or metaphase kinetochores ( Figure 4B ). In contrast, all outer domain proteins decreased in integrated intensity at metaphase kinetochores ( Figure 5 and Table 1 ), indicating that outer domain protein assembly is sensitive to kinetochore microtubule formation. The integrated intensity of CENP-E and BubR1 decreased at kinetochores by three-to fourfold upon metaphase alignment ( Figure 5A ), however, these proteins were still abundant and clearly visible on metaphase kinetochores ( Figure  4B ). Cytoplasmic dynein did not appear as concentrated on unattached or leading prometaphase kinetochores as Immunofluorescence staining for BubR1, CENP-E, cytoplasmic dynein, Mad2, and the 3F3/2 antigen in control interphase, mid-to-late prophase, and early prometaphase cells. Phase contrast and rhodamine fluorescence images are shown for interphase cells (left), mid-to-late-prophase cells (center), and early prometaphase cells (right). Only CENP-E, Mad2, and 3F3/2 antigens appear at kinetochores during prophase, whereas BubR1 and cytoplasmic dynein do not become evident at kinetochores until after nuclear envelope breakdown. No crescent or ring morphologies were seen for prometaphase kinetochores. Scale: 10 m ϭ 0.33 in.
CENP-E and BubR1. The five-to sixfold decrease in cytoplasmic dynein fluorescence intensity upon metaphase alignment ( Figure 5B ) made fluorescence at the kinetochore barely visible, unlike the metaphase fluorescence of CENP-E and BubR1 ( Figure 4B ). Nevertheless, this weak fluorescence indicates that some cytoplasmic dynein remains on metaphase kinetochores. In contrast, Mad2 was not visible by eye above background fluorescence on metaphase kinetochores Figure 3 . Analysis used to determine the integrated intensity of a given immunofluorescently stained kinetochore as diagrammed in the figure and described in MATERIALS AND METHODS. The great majority of kinetochore fluorescence is contained within the central 9 ϫ 9 pixel square, which corresponds to a 0.9-ϫ 0.9-m square region of the specimen. McEwen et al., 1997 , these generally possess a few microtubules and can be grouped with unattached kinetochores), and fully attached kinetochores on chromosomes aligned at the metaphase plate (3; these are bound to mature kinetochore fibers, which contain ϳ25 microtubules [McEwen et al., 1997] ) in prometaphase cells. Nonkinetochore spindle microtubules are not shown for clarity. (B) Immunofluorescence images comparing the fluorescence intensity of unattached or leading kinetochores of unaligned chromosomes and fully attached kinetochores of metaphase-aligned chromosomes for the proteins Bub1R, CENP-E, CREST, cytoplasmic dynein, and Mad2. CREST remains unchanged, BubR1 and CENP-E deplete to moderate levels, cytoplasmic dynein depletes to a low level, and Mad2 becomes undetectable. The pixel density in the photographic images is higher than in the original micrographs. Scale ϭ 1 m.
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( Figure 4B ), but measurements indicated slightly higher levels than background (Table 1 ). In addition, Mad2 was measured to be 100-fold more abundant on unattached or leading kinetochores in prometaphase in comparison to kinetochores at metaphase ( Figure 5B and Table 2 ). Thus, of all the proteins tested at kinetochores, Mad2 was the most sensitive to depletion by the microtubule attachment and/or tension achieved by metaphase kinetochores.
Prolonged Nocodazole Treatment Enhances Outer Domain Protein Assembly with a Dramatic Increase in Cytoplasmic Dynein
We asked how much the assembly of the inner core and kinetochore outer domain proteins change when kinetochores are deprived of interactions with microtubules for prolonged periods in the cells treated with 20 M nocodazole for either 30 min or 4 h, to depolymerize all microtubules ( Figure 6A ). Previous studies have shown that in 20 M nocodazole, nonkinetochore microtubules in prometaphase and metaphase cells disappear within 1-2 min, and kinetochore microtubules are not detectable in cells fixed for electron microscopy after 20 min (Cassimeris et al., 1990) . We found no changes in the amount of inner core CREST antigens at kinetochores in the nocodazole-treated cells. However, we did observe changes in the amounts of the outer domain proteins tested ( Figures 6A and 7 and Table 2 ). Relative to metaphase kinetochores, the integrated fluorescence measured by our 0.9-ϫ 0.9-m measurement region centered on the kinetochore for CENP-E increased 2.5-fold at 30 min and by 3.8-fold at 4 h, whereas BubR1 increased by about the same amount, fourfold, at either 30 min or 4 h ( Figures 6A and 7A ). In contrast, the integrated fluorescence for cytoplasmic dynein and Mad2 measured in the same way both increased by 60-fold at 30 min and 100-fold at 4 h in the microtubule-depleted cells relative to untreated metaphase kinetochore values ( Figures 6A and 7B ). These measurements for CENP-E, BubR1, and Mad2 obtained for nocodazole-treated kinetochores are similar to the values we measured for unattached kinetochores in prometaphase. Surprisingly, the 60-and 100-fold values measured for cytoplasmic dynein at 30 min and 4 h, respectively, are much larger than predicted from the 5.5-fold value measured for unattached or leading kinetochores in prometaphase.
The above-mentioned integrated fluorescence measurements for kinetochore proteins in the nocodazole-treated cells may underestimate the actual values due to the expansion of the kinetochores into the crescent and ring morphologies beyond our 0.9-ϫ 0.9-m measurement region ( Figure  3 ), particularly after 4 h in nocodazole ( Figure 6A ), and our inability to accurately measure contributions from the periphery of the crescents and/or rings. The errors in our average measurements are not likely to underestimate the actual values by more than a factor of 2 because crescent intensity decreased away from the center of the kinetochore and many kinetochores did not show rings.
With the release of tension that resulted from the nocodazole-induced disappearance of kinetochore microtubules, distances between sister kinetochores in cells treated with that drug for 30 min and 4 h decreased to 1.23 Ϯ 0.13 m (n ϭ Figure 6 . Kinetochore immunofluorescence and corresponding chromosome DIC image overlays of PtK1 cells treated with nocodazole, taxol, or high Ca 2ϩ buffer. Changes in kinetochore protein localization were compared between control metaphase cells and cells treated with 20 M nocodazole for 30 min or 4 h to induce prolonged microtubule disassembly or the same treatments followed by nocodazole washout for 30 min to induce microtubule reassembly and kinetochore microtubule formation (A); 10 M taxol for 45 min to induce loss of kinetochore tension without major changes in kinetochore microtubule number (B); and high Ca 2ϩ buffer at 4°C after cell lysis to induce disassembly of kinetochore microtubules and test for microtubule steric hindrance of antibody labeling (C). For each protein tested, both immunofluorescence and DIC images were recorded. The left column contains black-and-white rhodamine-fluorescence images of immunofluorescence all printed at the same contrast to show relative differences in immunostaining brightness levels. The right column contains color overlays of rhodamine fluorescence on the corresponding DIC images of the chromosomes. Color images were artificially contrast-enhanced to show location of kinetochores on the chromosomes. Arrowheads in the Mad2, BubR1, CENP-E, and cytoplasmic dynein images of cells treated with nocodazole for 30 min or 4 h indicate kinetochore crescent (white arrowheads) or ring-shaped (orange arrowheads) morphologies. Under all conditions tested, kinetochores stained with CREST maintained the same punctuate or oblate morphology. Scale, 10 m.
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30) and 1.12 Ϯ 0.16 m (n ϭ 34), respectively, from the observed control metaphase value of 2.43 Ϯ 0.38 m (n ϭ 39). The values for interkinetochore distance in nocodazoletreated cells is similar to the distance recorded for sister kinetochores within prophase nuclei, 0.90 Ϯ 0.13 m (n ϭ 48).
These changes in outer domain protein assembly and kinetochore morphology were reversible upon washing out nocodazole to induce spindle reassembly. By 30 min after washing out nocodazole, cells progressed to near metaphase and kinetochores exhibited the punctate morphology and integrated fluorescence intensity values of metaphasealigned chromosomes in control cells (Figures 6A and 7 and  Table 2 ). This demonstrates that the changes measured in kinetochore outer domain protein assembly and morphology depend directly on the absence or presence of microtubules.
Loss of Tension at Metaphase Kinetochores with Taxol-stabilized Microtubules Has Little Effect on Outer Domain Protein Assembly
Unattached kinetochores differ from kinetochores of chromosomes at the metaphase plate in two ways: they lack kinetochore microtubules and they are not under the tension produced by net pulling forces at attached kinetochores (Waters et al., 1996b; Khodjakov and Rieder, 1996; Nicklas, 1997) . Previously, Waters et al. (1998) tested for the contributions of tension in inducing the depletion of Mad2 at metaphase PtK1 kinetochores by treating metaphase cells for 45 min in 10 M taxol, a microtubule-stabilizing drug (Waters et al., 1996a) . This treatment maintains the normal metaphase complement of kinetochores microtubules (McEwen et al., 1997) while inducing the loss of kinetochore tension as measured by the lack of stretch of the interkinetochore centromere region (Waters et al., 1996a) . Waters et al. (1998) found that only a few kinetochores exhibited a detectable amount of Mad2 localization under these conditions. Subsequently, Martinez-Exposito et al. (1999) found no significant increase in Bub3 levels between untreated and taxol-treated metaphase kinetochores. In our tests for the effects of tension, we also found that the integrated fluorescence intensities of BubR1, CENP-E, cytoplasmic dynein, and Mad2 did not change their values at metaphase kinetochores after taxol treatment ( Figure 6B and 7 and Table 2 ). Loss of tension at the kinetochores of taxol-treated cells was confirmed by the observation that the distance between sister kinetochores fell to ϳ1.20 Ϯ 0.17 m (n ϭ 30), from the average metaphase control value of 2.43 Ϯ 0.38 m (n ϭ 39).
Kinetochore Microtubules Do Not Sterically Hinder Antibody Binding in Our Immunofluorescence Assays
A possible error in with the use of immunofluorescence to measure the amount of protein at metaphase kinetochores is steric hindrance of antibody binding produced by the presence of kinetochore microtubules. This could reduce values measured for metaphase kinetochores with a full complement of kinetochore microtubules in comparison to unattached or leading kinetochores having no or very few kinetochore microtubules. A previous study by Waters et al. (1998) has shown that this steric hindrance is not a factor for immunofluorescence localization of Mad2 at kinetochores. Cells were treated with cold and high calcium concentrations after cell lysis to induce the disappearance of kinetochore microtubules before fixation for immunofluorescence. These cells exhibited no detectable Mad2 fluorescence on metaphase kinetochores and high levels of fluorescence on unattached or leading kineto- Table 2 are normalized to those values for metaphase control cells. Values underestimate total crescent fluorescence as described in RESULTS. Note in (A) that both CENP-E and BubR1 fluorescence at kinetochores in cells fixed after 30-min or 4-h nocodazole incubations showed increase in intensity in the range of 2.5-to 4-fold beyond control metaphase kinetochores. When subjected to taxol treatment to test for tension effects, or incubation in high Ca 2ϩ buffer to test for microtubule steric hindrance, both CENP-E and BubR1 fluorescence at kinetochores was not changed from values for control metaphase cells. Note in (B) that both cytoplasmic dynein and Mad2 fluorescence at kinetochores in cells fixed after 30-min nocodazole incubations showed increase in intensity in the range of 55-to 65-fold increase beyond the control. After 4-h nocodazole incubation, both intensities increased further to 100-to 110-fold. Like CENP-E and BubR1, cytoplasmic dynein-stained kinetochores in metaphase cells that underwent taxol treatment or incubation in high Ca 2ϩ buffer after cell lysis showed fluorescence that was similar to control metaphase kinetochores. chores as measured for cells without extraction of kinetochore microtubules (Waters et al., 1998) . We used similar procedures to test for steric hindrance by kinetochore microtubules at metaphase-aligned chromosomes for immunofluorescence analysis of BubR1, CENP-E, and cytoplasmic dynein. We found, as for Mad2, no evidence for steric hindrance by metaphase kinetochore microtubules in our analysis ( Figure 6C and 7 and Table 2). 
DISCUSSION
Microtubules Regulate the State of Kinetochore Outer Domain Assembly
Our results show three different microtubule-dependent states of mitotic kinetochore outer domain assembly ( Figure  8 ). First, kinetochores in cells depleted of all spindle microtubules by nocodazole treatment exhibit enhanced outer domain protein concentrations and expanded crescent and ring morphologies. Second, prometaphase kinetochores with no or few kinetochore microtubules, but surrounded by nonkinetochore microtubules, exhibit enhanced outer domain protein concentrations, but no crescent or ring morphologies. Third, metaphase kinetochores, with a full complement of kinetochore microtubules as well as surrounding nonkinetochore spindle microtubules, exhibit reduced outer domain protein concentrations, particularly for Mad2 and cytoplasmic dynein, and no crescent or ring morphologies. In contrast, inner core protein assembly appears independent of either nonkinetochore or kinetochore microtubules because we observed little change in the amounts of CREST staining at kinetochores under all the conditions tested. In the future, the independence observed for CREST antigens CENP-A, CENP-B, and CENP-C needs to be tested for other centromere-bound proteins such as the INCENPs, mitoticcentromere-associated kinesin, and Aurora kinase (reviewed in Maney et al., 2000) .
Kinetochore Crescent and Ring Morphologies Are Correlated with a Depletion of Kinetochore and Nonkinetochore Microtubules and a Substantial Increase in the Amount of Kinetochore-bound Cytoplasmic Dynein
We found two major differences between unattached prometaphase kinetochores and kinetochores devoid of microtubules in nocodazole-treated cells. We never observed unattached prometaphase kinetochores with extended crescent or ring morphologies that are typical of kinetochores in nocodazole-treated cells. The MG-132 experiments show that prolonged mitosis does not induce expansion of kinetochores on metaphase chromosomes in cells where microtubule disassembly has not occurred. In addition, the concentration, relative to metaphase kinetochores, of cytoplasmic dynein on unattached prometaphase kinetochores (ϳ5-fold) was more than an order of magnitude less than measured for kinetochores in nocodazole-treated cells (at least 50-to 100-fold) (Figures 5 and 7) . The amounts of Rieder and Salmon (1998) . Two major domains are delineated for the purposes of this article: the inner core, consisting of the inner plate proximal centromere region, and the outer domain, which extends from the inner plate through the interzone, outer plate, and fibrous corona. (B) Illustration of the reversible morphological changes in the kinetochore outer domain between metaphase kinetochores with their full complement of kinetochore microtubules (I) and kinetochores depleted of kinetochore microtubules in cells where microtubule polymerization is blocked for prolonged periods of time with 20 M nocodazole (II and III). We have taken a perpendicular cross section of a chromosome through the centromere region (top, center). Electron microscopy has shown that coronal fibers are difficult to detect at kinetochores of metaphase chromosomes (Rieder, 1982; Cassimeris et al., 1990) , and by immunofluorescence the outer domain remains compact, appearing as punctate or oblate points of fluorescence (I). After depletion of kinetochore microtubules in nocodazole, the outer plate region appears extended and the coronal fibers dense in electron micrographs (Rieder, 1982; Cassimeris et al., 1990) , whereas our fluorescence analysis shows that the outer domain can expand outward around the centromere forming crescent or ring morphologies (III) in prolonged nocodazole incubations. These morphological changes in the kinetochore outer domain are reversible with microtubule reassembly and kinetochore microtubule formation.
BubR1, CENP-E, and Mad2 did not change as substantially between unattached kinetochores in prometaphase cells and kinetochores in nocodazole-treated cells (Figures 5 and 7) . Thus, the formation of the extended crescent and ring morphologies of the kinetochore outer domain is correlated with absence of microtubules and substantial increases in the amounts of kinetochore cytoplasmic dynein. In this regard, prophase kinetochores lack surrounding microtubules like kinetochores in nocodazole-treated prometaphase cells, but exhibit no crescent or ring morphologies and no bound cytoplasmic dynein (Figure 2) . In nocodazole-treated prometaphase cells, all the outer domain proteins as well as the 3F3/2 antigen uniformly colocalized with cytoplasmic dynein in the crescents and rings (Figure 1 ). This indicates that accumulation of cytoplasmic dynein and the expansion into crescent and ring morphologies spreads out the binding sites for BubR1, CENP-E, and Mad2. The expanded crescents and rings likely reflect an enhancement of the outer plate coronal filaments because they contain cytoplasmic dynein and CENP-E (reviewed in Rieder and Salmon, 1998; Maney et al., 2000) .
A simple hypothesis to explain these microtubule-dependent differences between unattached prometaphase kinetochores and the kinetochores in nocodazole-treated cells is that kinetochore interactions with nonkinetochore microtubules prevents unattached prometaphase kinetochores from forming crescent or ring morphologies or accumulating high concentrations of cytoplasmic dynein at the kinetochore. By this mechanism, kinetochore expansion requires a minimal duration without microtubule interactions and no prometaphase kinetochores lack microtubule interactions for long enough to exceed this duration. This explains why the kinetochore crescent and ring morphologies rapidly disappear upon nocodazole washout and spindle microtubule reassembly ( Figure 6 ).
The microtubule motor activity of cytoplasmic dynein may be a key factor in understanding the dynamics of cytoplasmic dynein assembly at kinetochores. Cytoplasmic dynein translocates toward the minus ends of microtubules that are oriented toward the spindle poles (Inoue and Salmon, 1995) . This motor activity would provide a force for driving the dissociation of cytoplasmic dynein in the presence of proximal nonkinetochore microtubules in prometaphase, but not when microtubules are depleted by nocodazole. Depletion of microtubules eliminates this dissociation force allowing the accumulation of cytoplasmic dynein from cytoplasmic pools and the expansion of the outer domain into crescents and rings. The dissociation force returns when microtubules reassemble after nocodazole washout, pulling cytoplasmic dynein from the kinetochores. Cytoplasmic dynein is further depleted by approximately sixfold from prometaphase kinetochores as they acquire their full complement of metaphase kinetochore microtubules ( Figure 5 ). This further depletion may also be explained by the enhancement of cytoplasmic dynein dissociation driven by the additional opportunities for motor activity on the kinetochore microtubules. Dynein-driven transport along microtubules could also contribute to microtubule-dependent depletion of other outer domain proteins and explain the poleward transport of fluorescent Mad2 from unattached kinetochores (Howell et al., 2000) .
Although this dynein-driven depletion of outer domain proteins is an attractive hypothesis to explain the difference between the morphology of prometaphase and nocodazoletreated kinetochores, there are other possibilities that need testing in the future. Nonkinetochore microtubules could provide a substrate for depleting cytoplasmic dynein from the cytoplasmic pool, reducing its association with kinetochores and reducing kinetochore expansion. Spindle microtubules might concentrate the activities of kinases or phosphatases and/or their regulators (Gundersen and Cook, 1999) that could regulate the rates of association and dissociation of cytoplasmic dynein and the expansion of the kinetochore outer domain. Finally, expansion may require that neither sister kinetochore be attached to microtubules. This is not likely to be dependent on tension because kinetochores in taxol-treated metaphase cells lack tension but do not exhibit expanded crescents (Figure 6 ).
Depletion of Outer Domain Proteins during Maturation of Metaphase Kinetochores Is Dominated by Microtubule Attachment and Not Controlled Directly by Changes in Tension
We found no effects on metaphase kinetochore protein composition (Figures 6 and 7 and Table 2 ) from the enhanced assembly of nonkinetochore microtubules that occurs with taxol stabilization (Waters et al., 1996a) . McEwen et al. (1997) also found little change in the number of metaphase kinetochore microtubules. Thus, whatever effects nonkinetochore spindle microtubules may have on kinetochore assembly are achieved by the normal degree of spindle microtubule assembly in prometaphase and metaphase. As shown earlier for Mad2 (Waters et al., 1998) and Bub3 (Martinez-Exposito et al., 1999) , we found that loss of tension at metaphase kinetochores treated with taxol did not change the integrated fluorescence intensities of CENP-E, BubR1, or cytoplasmic dynein. Thus, for these outer domain proteins in PtK1 cells, microtubule attachment is dominant over contributions from changes in tension in regulating their amounts at metaphase kinetochores. This may be a general property of kinetochores because a recent report by has shown that the depletion of cytoplasmic dynein and CENP-E at kinetochores of meiotic grasshopper spermatocytes depends on kinetochore microtubule formation, not directly on tension. However, tension appears to indirectly regulate kinetochore assembly by stabilizing kinetochore microtubule attachment .
Differential Changes in Kinetochore Assembly with Kinetochore Microtubule Formation
Compared with unattached prometaphase kinetochores, the outer domains of kinetochores on metaphase chromosomes are depleted significantly of both microtubule motor proteins that play a role in microtubule attachment and the spindle checkpoint proteins that produce the wait-anaphase signal. We found that the depletion of these proteins can be classified into two groups, depending on the magnitude of depletion. Mad2 was in one group by itself, because it is depleted by 100-fold with kinetochore microtubule formation ( Figure 5 ). Our second group includes CENP-E, cytoplasmic dynein, and BubR1, which are depleted three-to sixfold by kinetochore microtubule formation. Quantitative D.B. Hoffman et al. immunofluorescence measurements have also shown a 3.5-fold decrease for Bub3 in HeLa cells (Martinez-Exposito et al., 1999) between unattached and attached kinetochores on metaphase-aligned chromosomes. Bub3 targets Bub1 and BubR1 to kinetochores (Taylor and McKeon, 1997) . Qualitative immunofluorescence assays indicate that Bub1 depletion at metaphase kinetochores in HeLa and U2OS mammalian cells is similar to that of BubR1 (Jablonski et al., 1998) . Thus, our measurements for BubR1 predict that Bub1, like Bub3 is depleted by ϳ3.5-fold as chromosomes achieve their metaphase complement of kinetochore microtubules. Similar to our measurements, a threefold depletion of CENP-E from HeLa kinetochores by kinetochore microtubule formation has been found by immunogold electron microscopy (Yao et al., 1997) . Biochemical analysis has shown that CENP-E and BubR1 physically interact, which may explain why they deplete by similar amounts with microtubule attachment (Chan et al., 1999; Yao et al., 2000) . In the study of meiosis I grasshopper spermatocytes, they found 10-and 3-fold lower concentrations of cytoplasmic dynein and CENP-E, respectively, on metaphase kinetochores in comparison to kinetochores on detached chromosomes. These values are very similar to those we measured for mitotic mammalian tissue cells. Visual inspection of immunofluorescently stained kinetochores has shown that Mad1, which targets Mad2 to kinetochores, decreases substantially with kinetochore microtubule formation Chan et al., 2000; Campbell et al., 2001) , but the reduction has not been quantitated. Mad1 binds tightly to Mad2 , so like Mad2, it is likely to be substantially depleted by microtubule attachment. In summary, the above-mentioned analysis indicates that Bub1, BubR1, Bub3, CENP-E, and cytoplasmic dynein deplete by three-to fivefold with kinetochore microtubule formation in mammalian cells and all these proteins persist on metaphase kinetochores. Mad2 is distinct from this group because it becomes nearly undetectable on metaphase kinetochores.
The above-mentioned quantitative analysis provides direct support for the idea that unattached prometaphase kinetochores have significantly larger amounts of microtubule motor proteins to enhance the recruitment of kinetochore microtubules, as well as larger amounts of the spindle checkpoint proteins to amplify the inhibitory signal that delays anaphase onset (Rieder and Salmon, 1998; Howell et al., 2000) . Depletion of these proteins correlates with the twofold decrease in kinetochore width between prometaphase and metaphase when it becomes fully occupied with kinetochore microtubules (Rieder, 1982) and the decrease in density of the coronal filaments, which extend out of the outer plate (Figure 8 ; Rieder, 1982; Salmon, 1989; Cassimeris et al., 1990) . The substantial increase in the amount of cytoplasmic dynein on kinetochores in nocodazole-treated cells may have a function in enhancing the probability of recruiting microtubules to kinetochores under conditions where microtubule density is very low.
The leading kinetochore on chromosomes congressing to the metaphase plate differs from the trailing kinetochore in two ways. First, leading kinetochores are attached to one to three kinetochore microtubules, whereas trailing kinetochores have 13 or more kinetochore microtubules ( Figure  2A ; McEwen et al., 1997) . Second, leading kinetochores have the higher concentrations of cytoplasmic dynein and CENP-E typical of unattached kinetochores, whereas the trailing kinetochore is often depleted to the lower metaphase levels because of their attached kinetochore microtubules. Although the leading kinetochore may have fewer kinetochore microtubules, the higher concentrations of motor proteins may make it the dominant pulling force on the centromere, biasing the trailing kinetochore into a nonpulling state as described by Skibbens et al. (1993) , and Rieder and Salmon (1994, 1998) . This bias could generate persistent chromosome movement to the metaphase plate (Waters et al., 1996b) where both the leading and trailing sister kinetochores are able to acquire a full complement of kinetochore microtubules and become depleted equally in their concentrations of CENP-E and cytoplasmic dynein (Rieder and Salmon, 1998) .
Mad2, unlike Bub1, BubR1, and Bub3, is depleted, by two orders of magnitude on metaphase kinetochores. This extensive depletion of Mad2 is predicted by Mad2 being part of the inhibitory signal sent from kinetochores lacking the correct complement of kinetochore microtubules. The current model is that unattached kinetochores inhibit anaphase onset (Rieder et al., 1995) by catalyzing Mad2 binding and inhibition of cdc20 protein, producing in the cytoplasm inhibited anaphase-promoting complex Gorbsky et al., 1998; Hardwick et al., 2000; Howell et al., 2000) . The near absence of Mad2 on metaphase kinetochores indicates that kinetochore production of the Mad2 inhibitory activity is turned off.
Future Considerations
The molecule mechanisms that regulate the assembly/disassembly and activity of Mad2 and the more resident mitotic spindle checkpoint proteins such as Bub1, BubR1, and Bub3 remain an important unanswered question. Neither CENP-E nor cytoplasmic dynein appear required for Mad2 or BubR1 binding to kinetochores in tissue cells. Depletion of kinetochore CENP-E (Schaar et al., 1997; Chan et al., 1999; Yao et al., 2000) suppresses kinetochore microtubule formation, but unattached kinetochores have high amounts of both Mad2 and BubR1 and the spindle checkpoint is activated. Cytoplasmic dynein at kinetochores also does not appear essential for Mad2 binding to unattached kinetochores because we found Mad2 highly concentrated on kinetochores in prophase nuclei that show no staining for cytoplasmic dynein. In addition, depletion of zw10, rod, or dynein/dynactin also does not prevent Mad1, Mad2, or BubR1 from binding unattached prometaphase kinetochores (Chan et al., 2000) , but zw10 and rod, proteins that target cytoplasmic dynein to kinetochores, do appear required for maintenance of checkpoint activity (Chan et al., 2000; Basto et al., 2000) . Howell et al. (2000) has shown that Mad2 binding sites are transported poleward from unattached kinetochores to the poles. Because this is the direction cytoplasmic dynein translocation along microtubules, cytoplasmic dynein motor activity may be important not only for reducing the size of the kinetochore, as discussed above, but also for turning off spindle checkpoint activity at kinetochores. of the Bloom and Salmon labs for help and comments on the manuscript. This study was supported by National Institutes of Health Grant GM-24364 to E.D.S. and National Institutes of Health Grants GM-44762 and CA-06927, the March of Dimes Foundation, and an appropriation from the Commonwealth of Pennsylvania to T.Y.
